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Abstract  
In this article, a detailed study of the recently synthesized MAX phase borides M2SB (M = Zr, 
Hf and Nb) has been performed via first principles technique. Investigation of mechanical 
hardness, elastic anisotropy, optical properties, dynamical stability and thermal properties are 
considered for the first time. The estimated values of stiffness constants and elastic moduli are 
found in good agreement with available results. The micro and macro hardness (Hmicro and 
Hmacro) parameters are calculated. The Vickers hardness is also calculated using Mulliken 
population analysis. The electronic density of states and charge density mapping are used to 
explain the variation of stiffness constants, elastic moduli and hardness parameters among the 
studied ternary borides. The Nb2SB compound is found to show best combination of mechanical 
properties. Mixture of covalent and ionic bonding within these borides is explained using 
Mulliken population analysis. The direction dependent values of Young’s modulus, 
compressibility, shear modulus and Poisson’s ratio are visualized by 2D and 3D representations 
and different anisotropic factors are calculated. The important optical constants are calculated 
and analyzed. The metallic nature of the studied borides is confirmed from the DOS and optical 
properties. The reflectivity spectra reveal the potential use of Zr2SB as coating materials to 
diminish solar heating. The studied borides are dynamically stable as confirmed from the phonon 
dispersion curves. The characteristic thermodynamic properties have also been calculated and 
analyzed. The physical properties of corresponding 211 MAX phase carbides are also calculated 
for comparison with those of the titled ternary borides. 
Keywords: MAX phase borides; Mechanical properties; Elastic anisotropy; Optical properties; 
Dynamical stability; Thermal properties. 
1. Introduction 
MAX phase is one of the exciting families of materials, generally expressed as Mn+1AXn, n = 1, 
2, 3, where early transition metals are M; an element belonging to groups 12-16 is A and X is 
usually either C or N, that was first brought to front in 1960s by Nowotny et al [1-4]. Barsoum et 
al. [5,6] have revived the interest in the 1990s by disclosing their outstanding properties. They 
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possess high electrical and thermal conductivity, machinability as well as mechanical strength 
like metals associated with the excellent mechanical properties at high-temperature, very good 
corrosion and oxidation resistance like ceramics [7]. The chemistry of this amazing combination 
of properties lies in the nanolaminated layered structure of MAX phase materials in which a 
single atomic layer of A (A = Al, Si, Ge, etc.) element is sandwiched in between the Mn+1Xn 
sheets [8]. Owing to the attractive combination of properties suitable for diverse fields of 
application, the study of viable MAX phase materials has been recognized as a vital sub-field of 
materials science research [9]. Consequently, the published articles on the MAX phases have 
found to have an exponential increase in recent years, reflecting the interest and quick 
improvement in the field [10]. 
The prospective demands of the MAX phase materials are motivating researchers to improve the 
diversity and performance by reporting new compounds belonging to the MAX phase or by 
mixing of the M, A and/or X elements of the existing phases [11-26]. The studies regarding the 
effects of point defects and incorporation of atoms have also been reported [27–30]. However, 
most of the diversity is limited to the M- and A- elements and until recent times the X element is 
kept as either C and/or N [31]. Recently, the diversity has been expanded by incorporating B 
(Boron) as an X element. Researchers are quite hopeful with the MAX phase borides because of 
the interesting physical and chemical properties of B and its compounds [32]. Hence, along with 
the conventional MAX phase materials, MAX phase borides are also expected to become 
promising candidates from application as well as research point of view. Consequently, some 
reports on the MAX phase borides have already been published [33-39]. Khazaei et al. [33] have 
investigated the formation energies, electronic and mechanical properties of hypothetical M2AlB 
(M = Sc, Ti, Cr, Zr, Nb, Mo, Hf, or Ta) MAX phase borides. Genceret al. [34] have studied the 
electronic and lattice dynamical properties of Ti2SiB. A group of hypothetical MAX phase 
boride compounds [M2AB (M = Ti, Zr, Hf; A = Al, Ga, In)] have been investigated by Surucu et 
al. [35]. Chakraborty et al. [10] have predicted the soft MAX (V2AlB) phase by Boron 
substitution. Miao et al [36] have predicted some Boron based MAX phases which are 
thermodynamically stable. Rackl et al. [37] have synthesized the Nb based 211 MAX phase 
boride and their solid solutions where C is substituted by B in the Nb2SC. The lattice dynamical 
and thermo-elastic properties of M2AlB (M = V, Nb, Ta) MAX phase borides have been 
investigated by Surucu et al. [38]. Very recently, the MAX phase borides Zr2SB and Hf2SB have 
been synthesized by Rackl et al. [39]. However, the theoretical studies on M2SB (M = Zr, Hf and 
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Nb) have been limited to electronic and elastic properties only. Some other decisive properties 
should be disclosed that may extend their field of applications. First of all, study of dynamical 
stability is important concerning application point of view. The knowledge of mechanical 
anisotropy is crucial for structural materials because it is closely related with some important 
mechanism such as anisotropic plastic deformation, crack formation and propagation, and elastic 
instability that limits their usefulness. The Vickers hardness measures the overall bonding 
strength attributed from the individual bonds of a solid. Since the MAX phase carbides are 
popular for structural design, MAX phase borides are also expected to exhibit their suitability as 
structural materials; the Vickers hardness is an important parameter in this regard. Understanding 
of thermodynamic properties is required to predict the suitability for high temperature and high 
pressure applications. Conventional MAX phase materials have useful optical characteristics. 
The MAX phase borides are therefore, expected to exhibit their suitability as materials that can 
be used in optical device applications. Hence the optoelectronic properties of M2SB (M = Zr, Hf 
and Nb) need to be explored. These are the prime motivations of this particular study. 
Therefore, a first time study of the mechanical anisotropy, Vickers hardness, thermodynamics 
and optical properties of M2SB (M = Zr, Hf and Nb) along with a revisit of electronic and elastic 
properties will be presented in this paper. It should be noted that we have also calculated the 
properties of titled carbides (M2SC) for a comprehensive comparison. This will provide us with 
important insights regarding the role of boron atom in place carbon in ternary 211 MAX phase 
nanolaminates.  
2. Calculation methods 
The results of M2SB (M = Zr, Hf and Nb) MAX phase borides have been explored by the density 
functional theory (DFT) [40, 41] as implemented in the CAmbridge Serial Total Energy Package 
(CASTEP) code [42]. The first-principles calculations are performed by the plane-wave 
pseudopotential method. The functional used for the exchange and correlations terms is the 
generalized gradient approximation (GGA) of the Perdew-Wang 91 version (PW91) [43]. The 
pseudo-atomic calculations were performed for B - 2s
2
 2p
1
, S - 3s
2
 3p
4
, Zr- 4d
2 
5s
2
, Nb - 4d
4 
5s
1
and Hf - 5d
2 
6s
2
 electronic orbitals. The convergence was ensured by setting the cutoff energy 
at 500 eV and a k-point mesh of size 10×10×3 [44]. Density mixing was used to the electronic 
structure and Broyden Fletcher Goldfarb Shanno (BFGS) geometry optimization [45] was 
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applied to optimize the atomic configurations. The self-consistent convergence of the total 
energy is 5 × 10
-6
 eV/atom, and the maximum force on the atom is 0.01 eV/Å. The maximum 
ionic displacement is set to 5 × 10
-4
 Å, and a maximum stress of 0.02 GPa is used. 
3. Results and discussion 
3.1. Structural properties 
Fig. 1 shows the unit cell of the Zr2SB boride which is found to be crystallized with hexagonal 
structure [Space groupP63/mmc] like the conventional C/N containing MAX phases [7]. The 
unit cell also consists of two formula units and there are four atoms per formula unit cell. The 
atomic positions of Zr, S and B atoms in the unit cell are (1/3, 2/3, zM),(1/3, 2/3, 3/4) and (0, 0, 
0), respectively. The zM is known as internal parameter; the values of zM are given in Table 1.  
 
 
 
 
 
 
 
 
Fig. 1 - Crystal structure of the Zr2SB compound. 
 
The optimized lattice constants (a, c), internal parameters and c/a ratios of M2SB (M = Zr, f and 
Nb) are listed in Table 1 along with the reported results and their corresponding carbides. It is 
observed from Table 1 that the calculated values of a and c are very close to the experimental 
values. The maximum deviation (1.13 %) from the experimental lattice constant is observed for a 
of Hf2SB phase. A very good agreement is also observed between theoretically obtained values 
(obtained in this work and by Rackl et al [37, 39]). This confirms a very high level of accuracy 
of the present study. 
 
 
 
B
S
Zr
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Table 1 - Calculated lattice parameters (a and c), internal parameter (zM) and c/a ratio of 
M2SX (M = Zr, Hf and Nb; X = B and C) MAX phases.  
 
 
3.2 Mechanical properties 
Although, Rackl et al. [37, 39] have studied the elastic properties of the titled borides but we 
have calculated these again with the intention: (i) to assess  the present  results by comparing 
with their results and (ii) to calculate some unexplored parameters such as machinability index, 
Cauchy pressure and hardness parameters etc. 
The stiffness constants: mechanical stability, machinability index and Cauchy pressure 
The stiffness constants (Cij) are the basis to evaluate the mechanical performance of materials. 
Consequently, their study is essential regarding practical applications in various technologies. 
Moreover, these constants can also be used to unveil the mechanical stability, polycrystalline 
elastic moduli, ductile/brittle nature, machinability index, anisotropic behavior, hardness etc. 
Thus, we have calculated the stiffness constants (Cij) of the synthesized borides [M2SB (M = Zr, 
Hf and Nb)] as well as conventional MAX phase carbides [M2SC (M = Zr, Hf and Nb)] as listed 
in Table 2 along with other available results for comparison. We would like to start our 
discussion by checking the mechanical stability of studied borides and carbides. The examination 
Phase a (Å)  % of  
deviation 
c (Å) % of  
deviation 
zM c/a Reference 
Zr2SB 3.5160 
3.5001 
3.519 
0.45 
 
0.08 
12.3137 
12.2712 
12.317 
0.34 
 
0.02 
0.6052 
0.6060 
0.6055 
3.502 
3.505 
3.500 
This 
Expt. [39] 
Theo. [39] 
Zr2SC 3.4201 
3.4117 
3.423 
0.24 
 
0.08 
12.2053 
12.1452 
12.226 
0.49 
 
0.17 
0.6007 
0.6013 
0.6006 
3.568 
3.560 
3.572 
This 
Expt. [39] 
Theo. [39] 
Hf2SB 3.5064 
3.4671 
3.482 
1.13 
 
0.70 
12.1592 
12.1046 
12.137 
0.45 
 
0.18 
0.6039 
0.6047 
0.6038 
3.468 
3.491 
3.485 
This 
Expt. [39] 
Theo. [39] 
Hf2SC 3.4247 
3.3695 
1.63 12.1847 
12.0172 
1.39 0.6005 
0.6004 
3.558 
3.566 
This 
Expt. [39] 
Nb2SB 3.3583 
3.335 
0.69 11.6043 
11.55 
0.47 0.6009 
0.6017 
3.455 
3.463 
This 
Expt. [37] 
Nb2SC 3.2963 
3.278 
0.56 11.6699 
11.49 
1.56  3.540 
3.505 
This 
Expt. [37] 
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of mechanical stability is required to evaluate material’s sustainability in any application where 
static stress is applied. The conditions for mechanical stability of a hexagonal system are: C11 > 
0, C33 > 0, C11-C12 > 0, C44 > 0, (C11 +C12)C33- 2(C13)
2 
> 0 [48]. The values listed in Table 2 
satisfy these inequalities relations, suggesting the mechanically stability of the MAX compounds 
under investigation. In addition, some other information can also be extracted from the obtained 
stiffness constants. For instance, the C11 and C33 correspond to the stiffness for applied stress 
along [100] and [001] directions, respectively, and C44 assess the resistance against shear 
deformation in the (100) plane. The C11 and C33 are larger than C44 revealing a low resistance 
required for shear deformation compared to unidirectional deformation for borides considered 
here. Moreover, the C11 < C33 revealing a low resistance to deformation along crystallographic a 
- axis than that along c – axis. It is also observed that the C11 is lower than C33 of the M2SC (M = 
Zr, Hf and Nb) carbides. The anisotropic bonding strength along a and c-axis is also revealed by 
the unequal values of C11 and C33. The values of C12 and C13 are comparatively smaller than 
other single crystal elastic constants. These two factors combine an applied stress component 
along the a-axis with a uniaxial strain in the b- and c-axis, respectively. Furthermore, the 
obtained stiffness constants of M2SX (M = Zr, Hf and Nb; X = B and C) phases are displayed in 
Fig. 2 (a) for better visualization of the variation among them. 
The machinability index, a useful performance indicator also be predicted using C44 by the 
formula B/C44 [49]. The B/C44 ratio is observed to increase for M2SB (M = Zr, Hf) compounds 
compared to the M2SC (M = Zr, Hf) carbides and decreases for the Nb2SB compared to Nb2SC. 
In this case, the value of C44 (also C11 and C33) of Nb2SB is higher than Nb2SC but the value of B 
(Nb2SB) is still lower than that of Nb2SC, leading to a higher B/C44 ratio. It is found that the 
phase having low shear resistance (small C44) exhibits high machinability. It is noted that the 
W2SnC has shown highest machinability (33.33) with the lowest C44 (6 GPa) among all the 211 
MAX phases [50]. 
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Table 2 - Calculated stiffness constants (Cij), bulk modulus (B), machinability index (B/C44), 
Cauchy pressure (CP), shear modulus (G), Young’s modulus (Y), Poisson’s ratio (υ), Pugh 
ratio (G/B), micro hardness (Hmicro) and macro hardness (Hmacro) of M2SX (M = Zr, Hf and 
Nb; X = B and C) MAX phases. 
Parameters Zr2SB Zr2SC Hf2SB Hf2SC Nb2SB Nb2SC 
C11 (GPa) 256 
261
a 
295 
296
b
 
285 
286
a
 
311 
344
c
 
326 
316
d
 
316 
301
d
 
C33 (GPa) 280 
282
a 
315 
316
b
 
298 
296
a
 
327 
369
c
 
328 
317
d
 
325 
314
d
 
C44 (GPa) 115 
117
a
 
138 
140
b
 
130 
122
a
 
149 
175
c
 
151 
143
d
 
124 
116
d
 
C12 (GPa) 85 
79
a
 
89 
90
b
 
81 
79
a
 
97 
116
c
 
86 
95
d
 
108 
105
d
 
C13 (GPa) 79 
80
a
 
102 
102
b
 
92 
84
a
 
121 
138
c
 
126 
131
d
 
151 
157
d
 
B (GPa) 142 
142
a
 
166 
166
b
 
156 
151
a
 
181 
204
c
 
186 
186
d
 
197 
194
d
 
B/ C44 1.23 
1.21
* 
1.20 
1.18
*
 
1.20 
1.23
* 
 
1.21 
1.16
*
 
1.23 
1.30
*
 
1.58 
1.67
*
 
CP (GPa) -30 -49 -49 -52 -65 -16 
G (GPa) 99 
102
a
 
115 
116
b
 
112 
111
a
 
120 
134
c
 
128 
116
d
 
105 
97
d
 
Y (GPa) 241 
247
a
 
280 
282
b
 
270 
267
a
 
295 
330
c
 
312 
287
d
 
267 
249
d
 
υ 0.22 
0.21
a
 
0.22 
0.22
b
 
0.21 
0.20
a
 
0.23 
0.23
c
 
0.22 
0.24
d
 
0.27 
0.28
d
 
G/B 0.70 
0.71
a
 
0.69 
0.70
b
 
0.71 
0.73
a
 
0.66 
0.65
c 
0.68 
0.62
d
 
0.53 
0.50
d
 
Hmicro(GPa) 18.67 
19.73
*
 
21.57 
22.52
*
 
21.63 
22.25
*
 
23.88 
24.14
*
 
19.10 
20.05
*
 
15.84 
14.26
*
 
Hmacro(GPa) 16.37 
17.04
*
 
17.79 
18.25
*
 
18.17 
18.75
*
 
17.24 
18.20
*
 
18.76 
15.57
*
 
11.58 
09.91
*
 
a
Ref-[39], 
b
Ref-[46], 
c
Ref-[47], 
c
Ref-[13]; 
*
calculated from literature values. 
 
 
Fig. 2 - (a) The stiffness constant and (b) elastic moduli of M2SX (M = Zr, Hf and Nb; X = 
B and C) MAX phases. 
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Moreover, the obtained Cij can also be used to mark out the dominating bonding nature in these 
borides by calculating the Cauchy pressure (CP). The CP is defined as the difference between 
C12 and C44 that renders us with some information of solids important for practical applications 
[51]. For example, the type of atomic bonding within the solids can be known from the sign of 
CP; the negative (positive) sign represents the directional covalent (ionic) bonding. It (CP) is 
also an indicator of brittle or ductile nature of solids; the positive (negative) values of CP suggest 
ductile (brittle) nature of solids. The listed values of CP (negative values) presented in Table 2 
indicate that the borides have predominantly directional covalent bonding and they behave as 
brittle materials like the conventional MAX phase carbides. Finally, the ranking of the stiffness 
constants in the studied borides M2SB is as follows: Cij (Nb2SB) > Cij (Hf2SB) > Cij (Zr2SB).   
Elastic moduli and hardness 
We have also calculated the mechanical properties such as the polycrystalline elastic moduli (B, 
G, Y), brittle or ductile indicator and hardness parameters of the studied borides/carbides from 
the elastic constants. The well-known Voigt–Reuss–Hill (VRH) approximation [52, 53] is used 
to calculate the elastic parameters of the polycrystalline borides. The equations used to calculate 
the Young’s modulus (Y) and Poisson’s ratio (υ) can be found elsewhere [54, 55]. Observing 
Table 2, we conclude that our results are in good accord with the earlier reported results and the 
elastic moduli are smaller for the Zr2SB and Hf2SB borides than the Zr2SC and Hf2SC carbides 
but elastic moduli of Nb2SB are larger than that of Nb2SC except the bulk modulus; the B of 
Nb2SB is smaller than that of Nb2SC as shown in Fig. 2(b) and Table 2. It is noted that the shear 
stiffness constant C11, C33 and C44 are also higher for the same compound. These parameters are 
not related directly to hardness but are normally larger for harder materials [56]. Another point is 
noted here that the brittleness indicators (Poisson’s and Pugh ratio [57, 58]) predicted more 
brittle behavior of the M2SB (M = Zr, Hf and Nb) borides than the M2SC (M = Zr, Hf and Nb) 
carbides.  
The important information of the physical processes of solids such as plastic deformation, depth 
of indentation, penetration and scratching can be known from the hardness of the solids. Study of 
hardness is fundamental in the field of engineering for designing devices. The hardness value 
obtained by experiments depends on the measurement techniques. The theoretically obtained 
values of hardness also depend on the formalism used for its calculation. We have calculated 
hardness values of the studied borides/carbides using three different formalisms. The calculated 
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elastic moduli are used to calculate the hardness parameters (Hmicro and Hmacro) of studied 
borides/carbides by the following relations: 𝐻𝑚𝑖𝑐𝑟𝑜 =
(1−2𝜈)𝐸
6(1+𝜈)
 [54] and 
𝐻𝑚𝑎𝑐𝑟𝑜 = 2[ 
𝐺
𝐵
)2𝐺 
0.585
− 3 [59]. Although, these hardness parameters (Hmicro and Hmacro) cannot 
predict the exact hardness of the materials but can be used to obtain a tentative explanation of 
variation of the hardness among the solids belonging to a same family crystallized in the same 
structure. The calculated values of Hmacro of M2SB (M = Zr, Hf and Nb) MAX borides are higher 
than that of M2AB (M = Ti, Zr and Hf; A = Al, Ga and In) borides [35]. We have also calculated 
another hardness parameter, the Vickers hardness which is the geometrical averages of hardness 
of all the bonds present in the solid. Gao [60] proposed a method to calculate the Vickers 
hardness based on Mulliken population for non-metallic covalent bond dominated materials. 
Later, Gou et al. [61] corrected the formula for partially metallic bonded compounds such as the 
studied borides and carbides, which has been widely used in recent times [62-64]. The Mulliken 
bond populations are used to obtain Vickers hardness of the M2SX (M = Zr, Hf and Nb; X = B 
and C) MAX phases. The relevant formula for the hardness is given as [65]: 
  














 


 

nn
bV vPPH
1
3
5
740
,
where P
 
is the Mulliken population of the -type 
bond, VnP free /

 is the metallic population, and 

bv is the bond volume of -type bond.  
Table 3 - Calculated Mulliken bond number n

, bond length d

, bond overlap population P

, 
metallic population P

,bond volume bv , bond hardness 

vH of -type bond and Vickers 
hardness Hv of M2SB (M = Zr, Hf and Nb) along with the results of M2SC (M = Zr, Hf and 
Nb). 
 
 
Compounds Bond n

 d

 (Å) P

 P

 

bv  (Å
3
) vH  (GPa) Hv(GPa) 
Zr2SB 
B-Zr 4 2.40822 1.22 0.0152 18.219 7.07 
4.16 
S-B 4 2.70175 0.76 0.0152 25.726 2.45 
Zr2SC 
C-Zr 4 2.32604 1.07 0.0114 12.166 7.53 
4.33 
S-C 4 2.68671 0.73 0.0114 18.734 2.48 
Hf2SB 
B-Hf 4 2.3902 1.44 0.0050 17.778 8.76 
4.84 
S-B 4 2.70004 0.81 0.0050 25.626 2.67 
Hf2SC 
C-Hf 4 2.32568 1.28 0.0026 16.210 9.10 
5.00 
S-C 4 2.68858 0.80 0.0026 25.045 2.75 
Nb2SB 
B-Nb 4 2.26543 1.22 0.0053 15.060 9.78 
5.58 
S-B 4 2.59817 0.79 0.0053 22.721 3.18 
Nb2SC 
C-Nb 4 2.20621 0.99 0.0155 13.679 9.21 
5.13 
S-C 4 2.62055 0.73 0.0155 22.925 2.86 
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The obtained hardness values are listed in Table 2 and Table 3 where the values also exhibit a 
reflection of the elastic moduli. Like other mechanical properties, the Vickers hardness of M2SB 
(M = Zr and Hf) borides is also lower than the carbide M2SC (M = Zr and Hf) counterparts. The 
Vickers hardness of Nb2SB, on the other hand, is higher than that of Nb2SC. It is noted that the 
obtained values of Hv (4.16 to 5.58) GPa are within the general range for MAX phases (2 to 8) 
GPa [21], indicating their softness and easy machinability similar to other MAX compounds. 
The lowest value of Hv (4.16 Ga) is obtained for the Zr2SB which is still higher than some of 
carbides e.g., Sc2InC (Hv ~ 2.4 GPa) [63] and M2InC (M = Zr, Hf and Ta; Hv ~ 1.05 to 4.12 GPa) 
[66]. Another point can be noted here that the bond hardness of M-B/C bonds is higher than that 
of S-B/C bonds, which is another important feature of the layered structure of MAX phase 
materials [63, 66]. Finally, based on the values of B, G, Y, Hmicro, Hmacro and Hv, the M2SB (M = 
Zr, Hf and Nb) borides can be ranked as follows: Nb2SB > Hf2SB > Zr2SB. In fact, Nb2SB 
exhibits the best combination of mechanical properties among the studied borides and carbides. 
Now, the question arises what is the physical process behind the variation of the mechanical 
properties among the studied borides? In order to address this important question, we have 
calculated the density of states (DOS) and charge density mapping (CDM) of the studied borides 
M2SB (M = Zr, Hf and Nb). It is noted that the details of electronic band structure, DOS, electron 
localization function etc. of the M2SB (M = Zr, Hf and Nb) borides have been studied by Rackl 
et al. [37, 39] and we have also calculated the electronic band structure, total and partial DOS of 
M2SB (M = Zr, Hf and Nb). We have avoided lengthy discussion on the electronic band structure 
because details can be found in Refs. [37, 39]. 
 
 
  
 
 
 
 
Fig. 3 - (a) Electronic density of states and (b) charge density mapping of M2SB (M = Zr, 
Hf and Nb) borides. 
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Fig. 3 (a) shows the total DOS for M2SB (M = Zr, Hf and Nb) borides that exhibit the metallic 
nature with non-zero finite values of DOS at the Fermi level (EF). There are three red vertical 
lines (Fig. 3 (a)) used to demonstrate the positions of the peaks arising from the hybridization 
between different electronic states for Zr2SB. It is very clear from the reference lines that the 
peaks are shifted to lower energy when M moves from Zr to Nb. It is found that the hybridized 
state in the lower energy leads to stronger bonding among the states involved [23, 67]. Thus, the 
DOS peaks of Nb2SB indicate stronger bonding between the atomic states within this compound 
compared to the other two borides. Fig. 3 (b) shows the charge density mapping (CDM) (in the 
units of e/Å
3
) in the (101) crystallographic plane calculated to understand the bonding strength 
between different atoms. The atomic positions have been labeled in the figure. The replacement 
of M from Zr to Nb leads to a significant increase in the charge density at corresponding 
positions. The increased charge density results in stronger bonding between M atoms and B 
atoms owing to better hybridization between the states. The CDM also revealed that the bonding 
between M and B atoms are stronger than the bonding between S and B atoms. Based on the 
analyses of DOS and CDM, the largest values of stiffness constant, elastic moduli as well as 
hardness parameters are expected for the Nb2SB compound, as reflected from the earlier 
calculated values. At the same time, we have performed the Mulliken population analysis to 
explain the chemical bonding associated within the compounds of interest.  
Mulliken atomic and bond population analysis 
The charge transfer mechanism can be understood using the atomic population analysis. For 
instance, in Table 4, the negative Mulliken charge is observed for S and B/C while it is positive 
for M (Zr, Hf and Nb), therefore, the charges are transferred from M to B/C and S atoms. This 
behavior is controlled by the electro negativities of the atomic species involved in the bonding. 
The presence of charge transfer disclosed the existence of ionic bonding in these compounds like 
many other MAX phase compounds. In fact, mixing of covalent and ionic bonding is an 
important characteristic feature of MAX phase materials. The Mulliken bond population analysis 
provides information regarding distribution of electron density in different bonds of the 
compounds. The bond-overlap population (BOP) analysis gives with quantitative measures of 
bonding and anti-bonding strengths [63, 66, 68]. The value of BOP zero indicates no significant 
interaction between electronic populations of the two atoms involved. The positive BOP value 
means the neighbor atoms are bonded whereas negative BOP value represents they are anti-
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bonded in the compounds. A high value of BOP indicates high degree of covalency of the bonds. 
The obtained values of BOP (Table 4) suggested that the bonds between M and B/C atoms 
exhibit higher degree of covalency as well as bonding strength than that between M and S atoms 
within these compounds which are in good agreement with bond hardness and CDM results 
found in preceding sections.  
Table 4 - Mulliken atomic and band overlap populations (BOP) of M2SB (M = Zr, Hf and 
Nb) compounds under study in comparison to M2SC (M = Zr, Hf and Nb).  
 Mulliken atomic and band overlap populations 
Phases Atoms s p d Total Charge (e) Bond 
Bond 
number 
n

 
Bond 
overlap 
population 
P

 
Zr
2
SB 
B 1.19 2.55 0.00 3.74 -0.74 B-Zr 4 1.22 
S 1.79 4.56 0.00 6.35 -0.35 S-Zr 4 0.76 
Zr 2.27 6.46 2.72 11.45 0.55    
Zr
2
SC 
C 1.49 3.30 0.00 4.79 -0.79 C-Zr 4 1.07 
S 1.78 4.57 0.00 6.35 -0.35 S-Zr 4 0.73 
Zr 2.26 6.44 2.73 11.43 0.57    
Hf
2
SB 
B 1.24 2.58 0.00 3.82 -0.82 B-Hf 4 1.44 
S 1.82 4.60 0.00 6.42 -0.42 S-Hf 4 0.81 
Hf 0.42 0.14 2.83 3.38 0.62    
Hf
2
SC 
C 1.54 3.33 0.00 4.87 -0.87 C-Hf 4 1.28 
S 1.81 4.60 0.00 6.41 -0.41 S-Hf 4 0.80 
Hf 0.39 0.13 2.84 3.36 0.64    
Nb
2
SB 
B 1.11 2.51 0.00 3.62 -0.62 B-Nb 4 1.12 
S 1.77 4.40 0.00 6.17 -0.17 S-Nb 4 0.79 
Nb 2.24 6.37 3.99 12.61 0.39    
Nb
2
SC 
C 1.44 3.24 0.00 4.68 -0.68 C-Nb 4 0.99 
S 1.77 4.44 0.00 6.21 -0.21 S-Nb 4 0.73 
Nb 2.25 6.37 3.93 12.55 0.45    
 
3.3 The elastic anisotropy  
Some of the physical processes such as unusual phonon modes, dislocation dynamics, 
precipitation, plastic deformation in solids, micro-scale crack creation etc. are influenced by 
mechanical anisotropy in solids [69]. Knowledge regarding anisotropy helps to enhance the 
mechanical stability of the material in any application [70]. These motivate us to study the 
mechanical anisotropy of 211 MAX phase borides and carbides. The M2SX (M = Zr, Hf and Nb; 
X = B and C) phases considered here are found to exhibit anisotropic features. In order to 
visualize the anisotropy of Young’s modulus, compressibility, shear modulus and Poisson’s 
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ratio, we have shown in Figs. 4-6 their direction dependence by plotting (3D and 2D) their values 
using the ELATE code [71]. Only data for the titled boride MAX compounds are illustrated. 
The spherical (in case of 3D) and circular (in case of 2D) nature of elastic moduli represents the 
isotropic nature of solids while deviation from spherical/circular symmetry indicates the 
anisotropy. The degree of anisotropy is measured by the amount of deviation from the perfect 
spherical/circular shape. Figs. 4(a), 5(a), and 6(a) show the anisotropy in Young’s modulus (Y), 
from which it is observed that Y is found to be isotropic in the xy plane while it is anisotropic in 
xz and yz planes. Y is minimum on the axes of both xz and yz planes and maximum at 45° angle 
of the axes on both xz and yz planes. Figs.4(b), 5(b), and 6(b) show the anisotropy in 
compressibility (K) in which similar anisotropic nature as for Y is observed. The compressibility 
in the xy plane exhibits isotropic character while in the xz and yz planes, it exhibits anisotropic 
nature with minimum values on the axes and maximum values at an angle of 45° of both the 
axes. It is observed in Figs.4(c), 5(c), and 6(c) that shear modulus shows opposite features as 
compared to Y and K, exhibiting maximum on the axes in both xz and yz planes and minimum at 
an angle of 45° of both axes for Zr2SB. The minimum values shift towards horizontal-axis for 
Hf2SB and Nb2SB. It is likely to be isotropic in xy plane. Figs. 4(d), 5(d), and 6(d) exhibit the 
anisotropy of Poisson’s ratio (ν) in which very intricate anisotropic nature is observed in xz and 
yz planes. It is also likely to be isotropic in the xy plane. In addition, the minimum and maximum 
values of Y, K, G and υ of M2SX (M = Zr, Hf and Nb; X = B and C) MAX phases are listed in 
Table 5 from which it is noted that the Nb2SB are qualitatively more anisotropic compared to 
other two borides and Hf2SB exhibits less anisotropy. It is obvious that the studied borides as 
well as carbides are elastically anisotropic in nature.  
Table 5 - The minimum and the maximum values of the Young’s modulus, compressibility, 
shear modulus, and Poisson’s ratio of M2SX (M = Zr, Hf and Nb; X = B and C) MAX 
phases. 
Phases 
 
Ymin. 
(GPa) 
Ymax. 
(GPa) 
AY K 
(TPa
-1
) 
K 
(TPa
-1
) 
AK Gmin. 
(GPa) 
Gmax. 
(GPa) 
AG υmin. υmax. Aυ 
Zr2SB 216.73 260.24 1.20 2.20 2.41 1.09 85.31 115.09 1.35 0.120 0.286 2.37 
Zr2SC 250.08 306.39 1.22 1.78 2.12 1.19 101.19 137.27 1.35 0.110 0.290 2.53 
Hf2SB 245.76 291.39 1.18 1.97 2.23 1.13 99.78 130.01 1.30 0.120 0.271 2.26 
Hf2SC 255.03 327.56 1.28 1.59 1.97 1.24 98.48 148.95 1.51 0.099 0.327 3.28 
Nb2SB 251.84 342.40 1.36 1.58 1.89 1.19 101.05 151.22 1.49 0.126 0.336 2.66 
Nb2SC 217.27 297.02 1.36 1.32 1.88 1.43 88.96 128.57 1.50 0.154 0.393 2.55 
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Fig. 4 - The 2D and 3D plots of (a) Y, (b) K, (c) G and (d) υ of Zr2SB. 
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Fig. 5 - The 2D and 3D plots of (a) Y, (b) K, (c) G and (d) υ of Hf2SB. 
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Fig. 6 - The 2D and 3D plots of (a) Y, (b) K, (c) G and (d) υ of Nb2SB. 
Moreover, we have also calculated some other anisotropic indices. For example, three shear 
anisotropic factors have been calculated using the following relations: 
𝐴1 =
1
6  𝐶11 +𝐶12 +2𝐶33−4𝐶13 
𝐶44
, 𝐴2 =
2𝐶44
𝐶11−𝐶12
,𝐴3 = 𝐴1. 𝐴2 =
1
3  𝐶11 +𝐶12 +2𝐶33−4𝐶13 
𝐶11−𝐶12
 [72] for the 
(a) Young’s modulus 
(b) Compressibility 
(c) Shear modulus 
(d) Poisson’s ratio 
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{100}, {010} and {001} planes in between 011and 010101and 001and110and 
010directions, respectively. The listed values of Ai’s presented in Table 6 which revealed that 
the studied MAX phases are anisotropic (Ai = 1implies the isotropic nature) in nature. The elastic 
anisotropy in the bulk modulus Ba and Bc along the a- and c-axes are calculated using the 
following relations [73]: 𝐵𝑎 = 𝑎
𝑑𝑃
𝑑𝑎
=
Λ
2+α
,𝐵𝑐 = 𝑐
𝑑𝑃
𝑑𝑐
=
𝐵𝑎
𝛼
, where Λ = 2 𝐶11 + 𝐶12 + 4𝐶13𝛼 +
𝐶33𝛼
2and 𝛼 =
 𝐶11 +𝐶12 −2𝐶13
𝐶33 +𝐶13
. The bulk modulus along a-axis and c-axis is different (Table 6), 
indicating the anisotropic nature of the bulk modulus. In addition, the ratio of linear 
compressibility coefficients (kc/ka) along the a- and c-axis, respectively is calculated using the 
relation [74]: 
𝑘𝑐
𝑘𝑎
= 𝐶11 + 𝐶12 − 2𝐶13 ( 𝐶33 − 𝐶13). The listed values of kc/ka ratio in Table 6 are 
lower than unity (1), revealing lower compressibility along c- than along a-axis for all the phases 
under study. 
Table 6 - Anisotropic factors, A1, A2, A3, kc/ka, Ba, Bc, percentage anisotropy factors AG and 
AB, and universal anisotropic index A
U
 of M2SX (M = Zr, Hf and Nb; X = B and C) MAX 
phases. 
Phase A1 A2 A3 Ba Bc kc/ka AB AG A
U
 
Zr2SB 0.85 1.35 1.14 412.9 453.5 0.91 0.000422 0.00906 0.092 
Zr2SC 0.73 1.34 0.98 470.2 556.4 0.85 0.001294 0.01055 0.109 
Hf2SB 0.76 1.27 0.97 447.2 506.2 0.88 0.000674 0.00788 0.080 
Hf2SC 0.65 1.39 0.90 505.5 627.3 0.81 0.001688 0.01714 0.178 
Nb2SB 0.62 1.26 0.78 511.8 646.1 0.79 0.001128 0.01475 0.152 
Nb2SC 0.63 1.19 0.75 529.9 755.7 0.70 0.003244 0.01527 0.161 
 
The percentage anisotropies in compressibility and shear modulus are calculated using the 
relations [75]: 𝐴𝐵 =
𝐵𝑉−𝐵𝑅
𝐵𝑉 +𝐵𝑅
 100% and 𝐴𝐺 =
𝐺𝑉−𝐺𝑅
𝐺𝑉 +𝐺𝑅
 100%, where the subscripts denote the 
upper bound (Voigt, V) and lower bound (Reuss, R) of B and G. The upper bound (Voigt, V) and 
lower bound (Reuss, R) of B and G are also used to calculate the universal anisotropic index A
U
, 
where 𝐴𝑈 = 5
𝐺𝑉
𝐺𝑅
+
𝐵𝑉
𝐵𝑅
− 6 ≥ 0. The non-zero value of AU implies the anisotropic nature of 
solids [76]. The obtained non-zero values of A
U 
revealed the anisotropic nature of the studied 
borides. At the end of this section we can conclude that M2SX (M = Zr, Hf and Nb; X = B and 
C) phases are anisotropic in nature as confirmed from the Table 6.  
3.4 Optical properties 
It already has been mentioned that the MAX phases materials are potential candidates to be used 
as in optical appliances. Therefore, the recently synthesized borides are also expected to be 
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suitable for possible applications. With an intention to disclose the optical response of these 
borides, we have calculated several optical constants for the first time. The optical behavior in 
the IR, visible and UV region is significant from optoelectronic applications point of view. The 
details of formalisms and methods employed to study the optical properties can be found 
elsewhere [77, 78]. 
The dielectric functions of metallic compounds are attributed to the electronic transitions (both 
inter-band and intra-band). Introduction of Drude term is mandatory for the investigation of the 
dielectric function of metallic solids, usually done by introducing the plasma frequency and a 
broadening factor during first principles calculations [65, 66]. In our present case, the borides are 
metallic and we have used a damping of 0.05 eV and unscreened plasma frequency of 3 eV that 
leads the enhanced lower energy region of the obtained spectra. With an expectation to get more 
effective k-points on the Fermi surface, a Gaussian smearing (0.5 eV) was used. The calculated 
optical constants ofM2SB (M = Zr, Hf and Nb) borides have been displayed for photon energies 
up to 25 eV. The optical constants of M2SC (M = Zr, Hf and Nb) carbides are also calculated to 
compare with those of the corresponding borides.  
Fig. 7 (a) shows the real part ε1(ω) of the dielectric function in which the peaks in the low energy 
are attributed from the intra-band transitions of electrons [79]. The large negative value of 
dielectric constant ε1(ω) indicates the Drude-like behavior which is common for metallic system. 
The ε1(ω) is found to cross zero value from below (negative values) at 14. 49 eV, 14.96 eV and 
15.37 eV for M2SB (M = Zr, Hf and Nb) borides, respectively and for 15.36 eV, 16.44 eV and 
16.44 eV for M2SC (M = Zr, Hf and Nb) carbides, respectively. These are the characteristic 
points at which a sharp drop in the reflectivity spectrum (Fig. 7 (g)) and the peaks in energy loss 
function (Fig. 7 (h) are observed. Fig. 7 (b) shows the imaginary part, ɛ2(ω), of the dielectric 
function ɛ(ω) of M2SB (M = Zr, Hf and Nb) borides along with the ɛ2(ω) of M2SC (M = Zr, Hf 
and Nb) carbides. The ɛ2(ω) measures the photon absorption in which the peaks are associated 
with electron excitation (inter-band transitions) owing to photon absorption. The intra-band 
transition of electrons takes place within M-d states and inter-band transition of electrons takes 
place from valence band to conduction band from S-p states, respectively. The metallic nature of 
M2SB (M = Zr, Hf and Nb) borides is also revealed from the coincidence of ε1(ω) and ɛ2(ω) at 
the energy where ɛ2(ω) approached zero from above and the ε1(ω) crossed zero from below.  
Fig. 7 (c) shows the refractive index, n(ω),of M2SB (M = Zr, Hf and Nb) borides. This is an 
important optical constant useful to design optical devices, for instance photonic crystals, wave 
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guides etc. The static values of n(0) of M2SB (M = Zr, Hf and Nb) borides are 29, 12 and 8, 
respectively. On the other hand, the static values of n (0) of M2SC (M = Zr, Hf and Nb) carbides 
are 20, 18 and 12, respectively. The extinction coefficients, k(ω), of M2SX (M = Zr, Hf and Nb, 
X = B and C) MAX phases are displayed in Figs. 7 (d). The loss of electromagnetic radiation by 
absorption is assessed by k(ω)which is found to vary in a similar manner of ɛ2(ω).   
The absorption coefficient, α(ω), quantifies the ability of a material to absorb incident radiation 
in different spectral range  and provides with the information regarding its ability to convert solar 
energy in other useful forms. The absorption coefficient of M2SX (M = Zr, Hf and Nb, X = B 
and C) MAX phases is demonstrated in Fig. 7 (e) in which the spectra are found to rise from zero 
photon energy because of the metallic nature of studied compounds. The first peaks are observed 
in the range of 1.0 eV to 2.5 eV and then reach to a maximum in the energy range of 7.0 eV to 
9.0 eV. The spectra are almost similar for carbides and borides except slight differences in the 
positions and heights of the peaks. However, the absorption coefficients are quite high in the 
high energy range, revealing that M2SX (M = Zr, Hf and Nb, X = B and C) MAX phases are 
promising absorbing materials within this energy range. This type of materials is widely used in 
optical and optoelectronic devices in the visible and ultraviolet energy regions. The 
photoconductivity also starts from zero photon energy as shown in Fig. 7(f). The spectral 
behavior of photoconductivity confirms the good metallic nature of these compounds. The 
absorption coefficient and photoconductivity features are in good agreement with the electronic 
DOS results.  
The reflectivity curves of M2SX (M = Zr, Hf and Nb, X = B and C) MAX phases are also shown 
in Fig. 7 (g). The curves start with 0.86, 0.71 and 0.59 for Zr2SB, Hf2SB and Nb2SB while the 
starting values for corresponding carbides are 0.82, 0.79 and 0.72 for Zr2SC, Hf2SC and Nb2SC, 
respectively. According to Li et al. [80, 81] a MAX compound will be capable of reducing solar 
heating if it has reflectivity ~ 44% in the visible region. Among the considered borides and 
carbides, Zr2SB has highest starting value, highest minimum value (43%) and the lowest energy 
range (2.74 – 3.8 eV) in which the reflectivity value is lower than 44%, therefore, it will be the 
best candidate for shielding purpose to reduce solar heating. Nb2SB also shows promising 
spectral features for the mentioned purpose.  Hf2SB will be the worst one for shielding purpose 
for the same. The studied carbides can also be ranked as Zr2SC ← Nb2SC ← Hf2SC in 
consideration of their reflectivity characteristics.  
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Fig. 7 - (a) real part ε1 and (b) imaginary part of dielectric function ε2, (c) refractive index 
n, (d) extinction coefficient k, (e) photoconductivity σ, (f) absorption α, (g) reflectivity R, 
and (h) loss function LF of M2SX (M = Zr, Hf and Nb; X = B and C) MAX phases as 
function of photon energy. 
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The energy loss of electrons traversing the materials is common and this loss is measured by an 
optical constant known as the loss function. The calculated loss functions of the titled 
compounds are displayed in Fig. 7 (h). The peak frequency in the loss function, known as the 
plasma frequency (ωp), is observed at 14.26, 14.9 and 15.05 eV for Zr2SB, Hf2SB and Nb2SB, 
respectively, while the peaks are at 15.21, 16.18 and 16.33 eV for Zr2SC, Nb2SC and Hf2SC, 
respectively. The characteristic frequency in loss function defines an energy at which ε1(ω) goes 
through zero from below while ε2(ω) goes through zero from above. Moreover, the peak energy 
of the loss function is associated with the trailing edges of the reflection spectrum. Above this 
peak energy the compounds under study become transparent to incident radiation.  
3.5 The dynamical stability 
The dynamical stability of a material is an important criterion that determines the applicability of 
the material in practical situations where external stimuli are time dependent. The titled borides 
are synthesized at high temperature [37, 39]. The materials synthesized at any temperature may 
not be stable at all conditions. For example, the materials synthesized at high temperature may 
also not be stable at low temperature [82]. The lattice vibration or phonon frequency depends on 
the temperature of the crystal lattice. In order to check the stability of the synthesized borides at 
low temperature, we have calculated the phonon dispersion curve (PDC) at absolute zero using 
the Density Functional Perturbation Theory (DFPT) linear-response method [83, 84]. The 
calculated phonon dispersion curves and the total phonon density of states (PHDOS) of M2SB 
(M = Zr, Hf and Nb) borides along the high symmetry direction of the crystal Brillouin zone 
(BZ) are displayed in Figs. 8 (a-c). The stability is checked by the phonon frequency over the 
whole BZ; the positive frequencies suggest the stability while the negative frequencies at any k-
points indicate the instability of the compounds. As there is no negative frequency in the 
displayed PDCs in Figs. 8 (a-c), therefore, the titled borides are dynamically stable. In addition, 
some other information can also be found from the PDCs. The eight atoms in the unit cell of 
studied borides lead to 24 vibrational modes in the PDCs, three of which are acoustic modes and 
the rest (21) are optical modes. The lowest three modes belong to acoustic branch in which the 
dispersion curve is of the form ω =vk at low values of k, representing the ω(k) relationship of the 
sound waves. The optical branch is formed by the upper vibrational modes. The optical phonons 
are generated owing to the out-of-phase oscillations of the atoms due to photon induced 
excitation. The frequency of acoustic modes at the G point is zero. A overlapping between 
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acoustic modes and lower optical branches results in no phononic band gap between the two 
branches. 
 
 
 
 
Fig. 8 - Phonon dispersion curve and phonon DOS of (a) Zr2SB, (b) Hf2SB and (c) Nb2SB. 
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The phonon DOS is also shown in association with the PDC in which the sharp peaks correspond 
to the flat modes of the phonon dispersion curves and upturn or downturn of the dispersion leads 
reduction of the peaks. The contribution from different atoms is also shown in the partial phonon 
DOS in which it is clear that the top most optical modes are credited to the B atoms. The middle 
dispersions of the optical branches are credited to the S atoms. The modes in the lower optical 
branches are credited to the M atoms. The acoustic modes are attributed to the M atoms.  
3.6 Thermal properties 
 
Lattice thermal conductivity 
 
Heat energy carried due to temperature gradient by lattice vibration in a solid can be measured 
by the lattice thermal conductivity (kph). Slack [85] derived an empirical formula to estimate the 
kph as follows:  
𝑘𝑝ℎ = 𝐴(𝛾)
𝑀𝑎𝑣𝛩𝐷
3𝛿
𝛾2𝑛2 3  𝑇
 
𝛾 =  
3(1 + 𝜐)
2(2 − 3𝜐)
 
Here Mav be the average atomic mass per atom in a compound, ΘD is the Debye temperature, n is 
the total number of atoms in the unit cell, T is the absolute temperature and 𝛾 is the Grüneisen 
parameter. A() is a function of . Once the Grüneisen parameter is calculated, we can estimate 
the coefficient A() as follows: 
𝐴 𝛾 =  
4.85628 × 107
2(1 −
0.514
𝛾 +  
0.228
𝛾2
)
 
The minimum thermal conductivity, kmin, of a material can be estimated using modified Clarke’s 
model [86] as follows:𝑘𝑚𝑖𝑛 = 𝑘𝐵𝑣𝑚  
𝑀
𝑛𝜌𝑁𝐴
 
−
2
3
 
The theoretical description and analytical equations to calculate the ΘD, longitudinal wave 
velocity (vl), transverse wave velocity (vt), average sound velocity (vm), and melting temperature 
(Tm) of a hexagonal system can be found in previous reports [23,64]. Herein, all the 
technologically important parameters such as 𝑘𝑝ℎ , 𝑘𝑚𝑖𝑛 , 𝛾, ΘD, vl, vt, and Tm were calculated 
using the aforementioned formulae and are tabulated in Table 7. The temperature dependent 𝑘𝑝ℎ  
for M2SX (M = Zr, Hf and Nb; X = B and C) MAX phases are shown in Fig. 9. 
According to the Clarke’s equation, 𝑘𝑚𝑖𝑛  is strongly dependent on the average sound velocity 
(vm). The variation of 𝑘𝑚𝑖𝑛  for all the studied compounds is related to the vm. Among all borides 
and carbides, Hf2SB compound shows the lowest value of 𝑘𝑚𝑖𝑛  due to the low value of vm. We 
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have studied the lattice thermal conductivity up to a temperature of 1800 K considering the 
melting temperatures of the compounds as shown in Table 7. The phonon thermal conductivity 
for M2SX (M = Zr, Hf and Nb; X = B and C) compounds exhibits a decreasing trend with 
temperature which can be expressed as: 10749.44/T, 12556.49/T, 9592.569/T, 6977.325/T, 
12926.19/T and 9390.386/T, respectively. At higher temperature 𝑘𝑝ℎ   shows a tendency of 
saturation. The values of total thermal conductivity of all MAX phase compounds at room 
temperature are usually in the range of from 12 to 60 W/mK [7].  It is noticed from Table 7 that 
comparatively high value of 𝑘𝑝ℎ , ranging from 23.25 – 43.08 W/mK, for all 211 MAX phase 
borides and carbides under study at room temperature (300 K) are found, although the electronic 
contribution to the thermal conductivity has not been included. Altogether this suggests that the 
titled compounds possess relatively high thermal conductivities among the existing MAX phase 
nanolaminates. However, the highest value (43.08 W/mK) of  𝑘𝑝ℎ  was obtained for Nb based 
boride material as the bonding strength and ΘD of this particular compound  are the highest 
among all the borides under study as described in Section 3.2 and shown in Fig. 3 (a). 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 9 - Temperature dependence of calculated lattice thermal conductivity, kph (W/mK) for 
M2SX (M = Zr, Hf and Nb; X = B and C) MAX phases.  
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Table 7 - Calculated crystal density, longitudinal, transverse and average sound velocities 
(vl, vt, and vm), Debye temperature, ΘD, minimum thermal conductivity, Kmin, lattice 
thermal conductivity, 𝒌𝒑𝒉at 300 K and Grüneisen parameter, γ  for M2SX (M = Zr, Hf and 
Nb; X = B and C) MAX phases. 
Phases ρ 
(kg/m
3
) 
vl(m/s) vt(m/s) vm(m/s) ΘD 
(K) 
Kmin 
(W/mK) 
𝒌𝑝ℎ
∗ (𝐖
/𝐦𝐊) 
γ Tm(K) 
Zr2SB 5676 6947 4172 4615 540 0.98 35.83 1.32 1542 
Zr2SC  5514 7610 4567 5052 604 1.12 41.85 1.36 1712 
Hf2SB 10198 5465 3309 3657 430 0.79 31.97 1.32 1656 
Hf2SC 10192 5784 3431 3800 454 0.85 23.25 1.60 1778 
Nb2SB 6701 7294 4366 4831 594 1.14 43.08 1.36 1824 
Nb2SC 6310 7308 4079 4542 565 1.09 31.30 1.40 1790 
 
Heat capacities and thermal expansion coefficient 
The phonon heat capacity at constant volume (𝐶𝑣) in the temperature ranging from 0 to 1000 K, 
can be estimated using the quasi-harmonic Debye model as follows[87-90]: 
𝐶𝑣 = 9𝑛𝑁𝐴𝑘𝐵  
𝑇
𝛩𝐷
  𝑑𝑥
𝑥4
 𝑒𝑥 − 1 2
𝑥𝐷
0
 
where,𝑥𝐷 =  
𝛩D
𝑇
 ; and  n be the number of atoms per formula unit, NA  be the Avogadro’s number 
and kB be the Boltzmann constant. Again, the linear thermal expansion coefficient (TEC), 
specific heat at constant pressure (𝐶𝑝) are calculated by the following equations [87, 91]: 
𝑇𝐸𝐶 =  
𝛾𝐶𝑣
3𝐵𝑇𝑣𝑚
 
 
𝐶𝑝 =  𝐶𝑣 1 + (𝑇𝐸𝐶)𝛾𝑇  
 
where, 𝐵𝑇,𝑣𝑚and 𝛾 are the isothermal bulk modulus, molar volume and Grüneisen parameter, 
respectively. 
The specific heats, 𝐶𝑣, 𝐶𝑝  and TEC for M2SX (M = Zr, Hf and Nb; X = B and C) compounds as 
a function of temperature are shown in Figs. 10 (a-c) . The specific heats 𝐶𝑣 and 𝐶𝑝  are found to 
increase rapidly with the increase in temperature up to 300 K, which support the Debye T
3
 
power-law. Both 𝐶𝑣 and 𝐶𝑝 increase slowly at higher temperature and finally take up the Dulong-
Petit limit value (3𝑛𝑁𝐴𝑘𝐵).  
The thermal expansion of materials is caused by anharmonicity in the lattice dynamics and is 
responsible for the difference between the specific heats 𝐶𝑝  and 𝐶𝑣.The variations of TEC with 
temperature is shown in Fig. 10 (c) for M2SX (M = Zr, Hf and Nb; X = B and C) compounds. 
TEC(T) followed similar trend of heat capacities (𝐶𝑣and 𝐶𝑝). The values of TEC for M2SX (M = 
Zr, Hf and Nb; X = B and C) compounds are 7.0 × 10-6, 6.71 × 10-6, 5.90 × 10-6, 6.22 × 10-6, 
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7.05 × 10-6 and 6.30 × 10-6 (all in unit of K-1) at room temperature (300 K), respectively. 
However, the calculated Kmin, TEC and Tm values for Hf2SB and Hf2SC are comparable with a 
promising typical thermal barrier coating (TBC) material Y4Al2O9 [92, 93] and also comparable 
with some other related potential TBC compounds [16, 94]. Therefore, it can be concluded that 
the low minimum thermal conductivity, Kmin, low linear thermal expansion coefficient, TEC, 
moderately damage tolerant behavior and high melting point, Tm indicate that the Hf based 
boride and carbide 211 MAX compounds  can be possible candidates as thermal barrier coating 
materials for high temperature applications. 
 
 
                                                
Fig. 10 - Vibrational heat capacity (a) Cv at constant volume, (b) Cp at constant pressure 
and (c) linear thermal expansion coefficient (TEC) for M2SX (M = Zr, Hf and Nb; X = B 
and C) MAX phases. 
4. Conclusions 
A systematic study of 211 MAX phase borides and carbides of M2SX (M = Zr, Hf and Nb; X = 
B and C) compounds was conducted based on the density functional theory. A number of 
hitherto unexplored properties such as micro- and macro-hardness, Vickers hardness, elastic 
anisotropy indices, machinability index and Cauchy pressure were investigated. Optical, thermal 
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and lattice dynamical properties are thoroughly studied and explained in detail also for the first 
time. Electronic density of states was revisited. All results are compared with available data and 
are found in very good agreement. The values of B, G, Y, Hmicro, Hmacro and Hv in the M2SB (M = 
Zr, Hf and Nb) borides can be ranked as follows: Nb2SB > Hf2SB > Zr2SB. Meanwhile, the 
compound Nb2SB exhibits the best mechanical properties among the all studied borides and 
carbides. The origin of the variation of mechanical properties has been discussed based on 
density of states and mapping of charge density distribution. The Mulliken population analysis 
describes the mechanism of charge transfer and bonding types (covalent and ionic). The optical 
absorption as well as the photoconductivity spectra reveals the metallic nature of all boride 
compounds. No imaginary frequency has been observed in phonon dispersion curves implying 
the dynamical stability of all the titled boride MAX phases. Various thermal properties, like 
minimum thermal conductivity  𝑘𝑚𝑖𝑛  , Grüneisen parameter (𝛾), lattice thermal conductivity 
(𝑘𝑝ℎ ), Debye temperature (ΘD), heat capacities (𝐶𝑝 , 𝐶𝑣), linear thermal expansion coefficient 
(TEC), and melting point (Tm) have been calculated. The order of Tm of 211 MAX phase borides 
under study has the following sequence: Hf2SB < Zr2SB <Nb2SB. This can be understood from 
the bonding strength order: Hf2SB < Zr2SB <Nb2SB. In general, lower value of ΘD and bonding 
strength indicates lower value of kmin. A decreasing trend of 𝑘𝑝ℎ for M2SX (M = Zr, Hf and Nb; 
X = B and C) phases is obtained with temperature following 10749.44/T, 12556.49/T, 
9592.569/T, 6977.325/T, 12926.19/T and 9390.386/T functional dependences, respectively. Low 
Kmin and 𝑇𝐸𝐶, moderately damage tolerant behavior and high melting point, Tm  indicate that the 
Hf based borides and carbides under study  might be a potential candidate as thermal barrier 
coating material in high temperature applications. 
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